S
elective chemical inhibition provides a powerful tool for dissecting complex physiological functions mediated by structurally similar cellular enzymes. In particular, selective inhibition of NADPH oxidase (Nox) family members has the distinct advantage of enabling acute, reversible modulation of molecular function, while circumventing the developmental compensations that can arise in gene deletion studies. We have targeted this approach to elucidate the biological functions mediated by the Nox1 member of the NADPH oxidase family and have identified a novel nanomolar small molecule Nox1 inhibitor. Importantly, we demonstrate that this chemical probe can be used to clarify the role of Nox1-dependent ROS generation in the pathogenesis of colon cancer.
The NADPH oxidase family, consisting of the homologous enzymes Nox1Ϫ4 and the more distantly related Nox5, Duox1, and Duox2, catalyzes the regulated formation of reactive oxygen species (ROS) (1) . Among all seven Nox isoforms, the Nox1Ϫ4 enzymes share the highest level of structural similarities (2) . Their basic catalytic subunit contains a C-terminal dehydrogenase domain featuring a binding site for NADPH and a bound flavin adenine nucleotide (FAD), as well as an N-terminal domain consisting of six transmembrane ␣-helices that bind two heme groups. On activation, cytosolic NADPH transfers its electrons to the FAD, which in turn passes electrons sequentially to the two hemes and ultimately to molecular oxygen on the opposing side of the membrane, to form the superoxide anion (3) . Although all Nox1Ϫ4 isoforms catalyze the reduction of molecular oxygen and are expressed in a complex with a p22 phox *Corresponding author, hrosen@scripps.edu. subunit, they differ in both tissue distributions and mechanisms by which their activity is regulated (4) . Nox2 is expressed by phagocytic leukocytes, and its activity is triggered by inflammatory mediators that induce the assembly of four cytosolic regulatory proteins (p40 phox , p47 phox , p67 phox , and Rac2-GTPase) with the Nox2 core enzyme to stimulate superoxide formation. Nox1 and Nox3 are highly expressed in the colon epithelium and in the inner ear, respectively, and their activity is also regulated by Rac1-GTPase and by related cytosolic adaptors, known as the activator subunit NoxA1 (homologous to p67 phox ) and the organizer subunits NoxO1, Tks4, and Tks5 (homologues of p47 phox ). Nox4 is widely distributed in the kidney, bone, and vascular cells, and its activity is independent of Rac-GTPase.
All Nox enzymes have been implicated in physiological and pathophysiological processes (5) . Particularly, Nox1-dependent ROS generation has been shown to play a pivotal role in cell signaling, cell growth, angiogenesis, motility, and blood pressure regulation (6−8) . Interestingly, ROS generated via Nox1 have been reported to contribute to a growing number of diseases, including cancer, atherosclerosis, hypertension, neurological disorders, and inflammation (9−12) . In keeping with a role of Nox1 in colon cancer, we have recently shown that in human colon cancer cells Nox1-derived ROS are necessary for the formation of extracellular matrix (ECM)-degrading, actin-rich cellular structures known as invadopodia (13) , whose presence directly correlate with the ability of cells to invade the surrounding tissues (14, 15) .
Since it has been reported that ROS can also be produced by other cellular enzymes such as xanthine oxidase (XO), cytochrome P450, and mitochondrial oxidases (16−18) , dissecting of the contribution to these pathologies of Nox1-derived ROS in comparison to other ROS generators has been complicated by the lack of potent, selective, and specific Nox1 inhibitors. Currently, only a few nonspecific inhibitors (that also target other Nox isoforms) have been identified (i.e., diphenylene iodonium [DPI] and apocynin) (19) . Several issues of selectivity, specificity, potency, and toxicity limit the value of these compounds as Nox1 inhibitors both as research and clinical tools (20−22) . In the case of the most widely used Nox inhibitor DPI, because of its chemical mechanism of inhibition that involves accepting an electron from flavin, followed by covalently reacting with the enzymes or its prosthetic group, DPI rapidly and irreversibly blocks not only all Nox isoforms but also many other flavin-dependent enzymes such as XO (see also Table 1 , part b).
Here, by using high-throughput screening, we identify a subset of phenothiazines, specifically 2-acetylphenothiazine (here referred to as ML171) (and its related 2-(trifluoromethyl)-phenothiazine) as nanomolar, cell-active, and specific Nox1 inhibitors that potently block Nox1-dependent ROS generation, with only marginal activity on other cellular ROS-producing enzymes and receptors including the other Nox isoforms. ML171 also blocks the ROS-dependent formation of ECM-degrading invadopodia in colon cancer cells. Such effects can be reversed by overexpression of Nox1 protein, which is possibly suggestive of a selective mechanism of inhibition of Nox1 by this compound. These results elucidate the relevance of Nox1-dependent ROS generation in mechanisms of cancer invasion and define ML171 as a useful Nox1 chemical probe with potential therapeutic insights.
RESULTS AND DISCUSSION
A Cell-Based High-Throughput Screening to Identify Novel Small-Molecule Inhibitor of Nox1. To identify novel specific and selective Nox1 small molecule inhibitors, we developed a cell-based high-throughput screen using a luminol-based chemiluminescence (CL) assay. Luminol has been extensively used as a CL probe to study ROS generation from cell lines and tissues, and its use for this purpose is well-validated (23, 24) . The cell line chosen for this screen was human HT29 colon cancer cells, as we had previously shown that these cells endogenously expressed Nox1 as the only members of the Nox family and its cytosolic regulators NoxA1 and NoxO1 (25) . In addition, Nox1 was one of the main contributors to ROS generation. A chemical library of 16,000 compounds (Maybridge Hitfinder) was screened, and 2-(trifluoromethyl)-phenothiazine was among the hits showing the highest potency in blocking ROS generation in our primary assay (Z= ϭ 0.48 Ϯ 0.08, S:B ϭ 18.5 Ϯ 4.4, see Supplementary Table S1) . This hit was then validated through a series of counterscreen, secondary and confirmatory screens as illustrated in our screening cascade in Table 1 , part a. Importantly, concentrationϪresponse analysis for 2-(trifluoromethyl)-phenothiazine in our confirmatory assay verified its high potency in blocking ROS production in HT29 cells (IC 50HT29 ϭ 0.32 M, see Part a) A schematic representation of the screening cascade for the identification of novel Nox1 inhibitor. Compounds that efficiently blocked light emission in our primary assay were counterscreened via (i) H 2 O 2 -based counterscreen and (ii) cytotoxicity assay. Hits were validated in different cell systems (HEK293-Nox1, -Nox2, -Nox3, and -Nox4) for their ability to selectively block Nox1-dependent ROS generation. Selective hits were tested for their ability to non-specifically interfere with XO-dependent ROS formation. Remaining hits were further validated as Nox1 inhibitors in biological systems, and their mechanism of action was investigated. Part b) IC 50 values of 2-(trifluoromethyl)-phenothiazine (parental hit), ML171 (after-SAR hit), chlorpromazione (negative control), and DPI (positive control) are reported from our primary assay (IC 50HT29 ), HEK293-Nox1 confirmatory assay (IC 50HEK293-Nox1 ), HEK293-Nox2, -Nox3, -Nox4 selectivity assay (IC 50HEK293-Nox2 , IC 50HEK293-Nox3 and IC 50HEK293-Nox4 ), and xanthine oxidase specificity assay (IC 50XO ). of the commonly used CellTiter Glo toxicity assay (Promega). Further, we tested the ability of 2-(trifluoromethyl)-phenothiazine to selectively block Nox1-dependent ROS generation using the HEK293-Nox cell system reconstituted with protein components required for ROS generation by each individual Nox isoform. As summarized in Table 1 , part b, this molecule blocked Nox1-dependent ROS generation in the HEK293-Nox1 reconstituted system (IC 50Nox1 ϭ 1 M) but had only a marginal activity on the other structurally related Nox isoforms.
Selectivity was confirmed by measuring the ability of 2-(trifluoromethyl)-phenothiazine to block the activity of other flavoproteins involved in generation of cellular ROS such as XO. This enzyme catalyzes the conversion of xanthine to uric acid with the generation of ROS as a byproduct (16) . Interestingly, we found that the IC 50 of 2-(trifluoromethyl)-phenothiazine toward XO was dramatically higher than the IC 50 of DPI toward XO (IC 50XO ϭ 5 M vs IC 50XO ϭ 0.005 M, see Table 1 , part b), indicating that this phenothiazine only slightly inhibits XOdependent ROS generation compared to DPI. The statistics and additional experimental details about all the assays employed in our screening cascade are reported in Supplementary Table S1 .
Characterization of a Subset of Phenothiazines As Potent, Specific, and Selective Nox1 Inhibitors. 2-(Trifluoromethyl)-phenothiazine belongs to the class of phenothiazines, a scaffold found in various antipsychotic drugs (26) , such as chlorpromazine, promazine, and trifluoperazine, inter alia. With the intent of identifying related phenothiazines with higher potency in blocking Nox1-dependent ROS generation, we performed structureϪactivity relationship (SAR) analysis on several commercially available phenothiazines, including those used as antipsychotic drugs. These molecules were tested in HT29 cells by luminol-based CL assay for their ability to block ROS production. As summarized in Table 1 , we found that chlorpromazine did not inhibit ROS generation in our assay (IC 50 Ͼ 50 M). Consistent with this, as indicated in Table 2 , we observed that other phenothiazines (i.e., trifluperazine, perphenazine, etc.) used as antipsychotic drugs were additionally unable to block Nox1-dependent ROS generation. In general, all phenothiazines tested in Table 2 with a substituent on the ring nitrogen were devoid of Nox1 activity. In contrast, several related N-unsubstituted phenothiazines with a substituent para to the ring sulfur were identified that were active in blocking ROS generation. We selected the molecule with the highest potency (2-acetylphenothiazine) and used it for further analyses. In this work we refer to this molecule as ML171, because it is chemical probe no. 171 from the Molecular Libraries Initiative of the National Institutes of Health. The doseϪresponse analysis in Figure 1 , panel a shows that ML171 strongly blocked ROS generation in HT29 cells (IC 50HT29 ϭ 0.129 M). Moreover, we validated ML171 as an effective inhibitor of ROS generation using a second method of ROS detection. Supplementary Figure S1a shows that ML171 efficiently blocks ROS production measured by carboxy-H2-DCFDA staining as well as DPI used as a positive control. Interestingly, when ML171 was tested in HEK293-Nox1 reconstituted cell system, we observed higher potency in blocking Nox1-dependent ROS generation compared with the parental compound as summarized in Table 1 , part b. Of note, the IC 50 values toward Nox2 and Nox3 were also slightly decreased, while this compound was still unable to inhibit XO-dependent ROS generation.
Mitochondria have been reported to be an important source of cellular ROS (27) . To rule out the possibility that ML171 would nonspecifically block mitochondrial ROS generation, we used a mitochondrion-specific hydroethidine-derivative fluorescent dye (MitoSox) to measure ROS generation in DLD1 treated with DMSO control, ML171, or DPI. Supplementary Figure S1b shows that ML171 treatment did not decrease mitochondrial ROS generation compared to DMSO, whereas DPI treatment slightly reduced ROS generation in mitochondria.
ML171 Specifically Targets Nox1. The mechanism of inhibition of some long-used Nox inhibitors has never been rigorously proven (19, 20) . We next sought to clarify whether our newly identified Nox1 inhibitor blocked Nox1-dependent ROS generation by acting on Nox1 or its regulatory subunits NoxA1, NoxO1, and Rac1-GTPase. Unfortunately, the absence of a crystal structure of Nox1 and most of its regulators prevents us from directly approaching this issue by protein crystallography. Nevertheless, to define key protein-subunit components necessary for the Nox1 inhibitory activity, we tested the ability of increasing concentration of Nox1, NoxA1, or NoxO1 to overcome the inhibition of ROS generation caused by ML171 treatment in HEK293-Nox1 reconstituted cell system. As shown in Figure 1 , GTP-bound Rac1 has been described to be required for full Nox1 activation (28, 29) . To rule out the possibility that ML171 might affect Rac1 ability to be loaded with GTP, this molecule was tested in vitro in a Rac1-loading assay. As reported in the concentrationϪ response analysis shown in Figure 1 , panel e, we found that this compound could only marginally block Rac1 loading compared with Mg 2ϩ used as a positive control. Similar results were obtained using the parental molecule (2-trifluoromethyl)-phenothiazine (not shown).
Since both Nox1 and Nox3 are regulated by active Rac1 (30), these results are in agreement with the data shown in Table 1 indicating that ML171 only inhibited Nox1 (and not Nox3) activity (IC 50HEK293-Nox1 ϭ 0.25 M vs www.acschemicalbiology.org IC 50HEK293-Nox3 ϭ 3 M). These data suggest that Nox1 (and not its cytosolic regulators or Rac1-GTPase) is the protein targeted by these phenothiazines.
ML171 Does Not Affect the Activity of Nox2 or Other CNS-Expressed G-Protein Coupled Receptors (GPCRs).
We sought to identify a selective Nox1 inhibitor with marginal effects on other Nox isoforms that could be used as a tool in the study of Nox1-dependent biological functions and as a therapeutic agent. Chronic granulomatous disease (CGD) is a hereditary disease caused by mutation in Nox2 or its regulatory subunits and characterized by susceptibility to certain fungal and bacterial infections because of impaired defense against microorganisms (31). This is certainly a concern for the use of Nox inhibitors in humans. The IC 50 values reported in Table 1 , part b indicate that compared with DPI both parental and after-SAR phenothiazine compounds have higher specificity and selectivity toward Nox1 than other Nox isoforms (including Nox2). To further verify that the ML171 had only a marginal effect on Nox2 activity, we tested its ability to block Nox2-dependent ROS generation using both the well-validated Nox2 cell-free system, and human neutrophils treated with formyl-methionylleucyl-phenylalanine (fMLP) (32) . As shown in the dose-response analysis illustrated in Figure 2 , panel a (cellfree system) and Figure 2 , panel b (fMLP-treated human neutrophils) online, increasing concentrations of ML171 did not affect ROS generation via Nox2 (IC 50Nox2 Ͼ 10 M) in both cases, while a DPI concentration of 10 M used as a positive control was sufficient to dramatically inhibit superoxide formation.
Another possible side effect of the use of this subset of phenothiazines as Nox1 inhibitors in the clinic is the potential antipsychotic effect due to the presence of the phenothiazine structure. SAR analysis in Table 2 indicates that several phenothiazines with antipsychotic effect did not alter Nox1-dependent ROS generation. In addition, to further investigate the possibility that ML171 might exert an unwanted antipsychotic effect, we tested the ability of this molecule to competitively bind a large battery of human or rodent G-protein coupled receptors (GPCRs), channels, and transporters expressed in the CNS. As shown in Supplementary Table plasma membrane, and their formation in human cancer cells correlates with their invasiveness both in vitro and in vivo (36) . Activation of the tyrosine kinase c-Src is required for the formation of functional invadopodia (37) . Evidence has recently demonstrated that the localized ROS generation by Nox1 is necessary for the formation of extracellular matrix (ECM)-degrading invadopodia in human DLD1 colon cancer cells, which endogenously express Nox1 (13) . Therefore, we next sought to validate our newly identified Nox1 inhibitor to determine whether it could block the invadopodia formation in DLD1 cells. To this aim, DLD1 cells were transfected with empty vector or with constitutive active Src (SrcYF) to trigger the formation of invadopodia and then treated for 1 h with ML171 or DMSO or DPI, which were used as negative or positive controls, respectively. After staining with invadopodia markers phalloidin and cortactin, we found that ML171 treatment strongly decreased SrcYF-induced invadopodia formation as much as DPI, as shown by confocal microscopy in Figure 3 , panel a and in the quantification of three independent experiments in Figure 3 , panel b. To further confirm the specificity of ML171 in blocking Nox1-dependent invadopodia formation, we assayed the effect of its analogue chlorpromazine, which does not interfere with Nox1 activity (IC 50HT29 Ͼ 50 M, see Table 1 ), on invadopodia formation. Consistent with this, when DLD1 cells were transfected with SrcYF and treated for 1 h with chlorpromazine or DMSO control, we did not observe a decreased ability of DLD1 cells to form cortactinpositive, F-actin-rich invadopodia, as shown by confocal microscopy in Figure 4 , panel a and in the quantification of three independent experiments in Figure 4 , panel b. The formation of functional invadopodia relates to the ability of cells to degrade the ECM (36, 38) . To further confirm that ML171 blocks the ROS-dependent, Nox1-mediated formation of functional invadopodia, we tested its effect on ECM degradation in DLD1 cells. As expected, SrcYF overexpression induced ECM degradation when cells were treated with DMSO control, while DPI treatment blocked this effect (Figure 5a) . Moreover, we observed that ML171 treatment strongly reduced the ability of SrcYF-transfected DLD1 cells to degrade the ECM. Importantly, the overexpression of Nox1 at least partially restored the capacity of these cells to degrade the ECM when treated with ML171. The quantification of three independent experiments is shown in Figure 5 , panel b. These results support the validity of the use of ML171 as a specific and selective Nox1 inhibitor.
Strong evidence points to a pivotal role of the Nox enzymes as a predominant source of ROS in many human diseases (5) . Specific inhibition of Nox isoforms can provide reversible, mechanistic insights into Noxdependent biological functions and pathological states in contrast to scavenging or inhibition of ROS production by other ROS-generating cellular enzymes. Unfortunately, no specific and selective Nox inhibitors have been described previously. Using our screening cascade, we have identified by high-throughput screening a subset of phenothiazines, 2-acetylphenothiazine (ML171) (and its related 2-(trifluoromethyl)-phenothiazine), as nanomolar, cell-active, and specific Nox1 inhibitors that potently block Nox1-dependent ROS generation, with only marginal activity on other cellular ROS-producing enzymes and receptors including the other Nox isoforms (see Table 1 ). We show that our subset of phenothiazines specifically blocks Nox1-dependent ROS generation with almost no effect on the formation of ROS by xanthine oxidase, which on the other hand is strongly inhibited by the most currently used Nox inhibitor (i.e., DPI).
Our findings possibly suggest that Nox1 (and not its cytosolic regulators NoxO1, NoxA1, or Rac1) is the protein targeted by these phenothiazines (Figure 1, panels aϪd) , which provides a molecular basis for their mechanism of inhibition. Future studies should possibly clarify the three-dimensional features of this interaction using crystal structure information about Nox1. Nevertheless, in this work we have validated ML171 as an effective Nox1 inhibitor. Consistent with this, treatment with this molecule (and not with its nonfunctional analogue chloropromazine) strongly decreased Nox1-dependent invadopodia formation (Figure 3 , panels a and b) and ECM degradation ( Figure 5 , panels a and b) in DLD1 cells.
We believe that this compound would be extremely useful in dissecting out the contributions of Nox1 in biological processes and pathological states. Additionally, this inhibitor has the potential as a novel therapeutic approach for treatment of various redox stress-dependent diseases and/or cancer metastasis.
METHODS
Description of all assays employed in our screening cascade is provided in Supporting Information as Supplementary Methods. All assays are listed in Supplementary Table S1 .
Reagents. Cell culture medium, fetal bovine serum, supplements, and Hank's Balanced Salt Solution (HBSS, Cat. no. 24020Ϫ117) were from Invitrogen. Nox1, NoxA1, NoxO1, and Rac1-Q61L expression plasmids were previously described (13) . Plasmids for transfection were purified using the Qiagen Qiafilter system. DLD1 and HT29 colonic adenocarcinoma cells (Cat. no. CCL-221 and HTB-38) were purchased from ATCC. Cell Culture and Transfections. Human HEK293, human DLD1, and HT29 cells were maintained in Dulbecco's modified Eagle's medium (Invitrogen) containing 10% heat-inactivated fetal bovine serum (Invitrogen), 2 mM glutamine, and antibiotics (100 units mL Ϫ1 penicillin and 100 g mL Ϫ1 streptomycin) at 37°C in 5% CO 2 . HEK293 cells grown in 6-well plates (Falcon) were transfected by Lipofectamine 2000 (InVitrogen) using 5 g of total DNA and 10 L of Lipofectamine reagent per well. DLD1 cells were transfected by Lipofectamine 2000 following manufacturer's instruction, and 24Ϫ48 h after transfection cells were processed for further analysis.
Rac Loading Assay. Rac1 protein was expressed and purified as GST fusion proteins in E. coli using standard isolation protocols, and the GST tag was cleaved with thrombin prior to use in in vitro loading assays, following the manufacturer's directions. Purified Rac1 protein was quantified by the binding of 35 S-GTP␥S. Twenty micrograms of recombinant Rac1 protein was incubated with increasing concentration of ML171, DMSO control, or 5 mM MgCl 2 for 10 min at RT. Rac1 was then loaded with 25 Ci of 35 S-GTP␥S in a mixture with 0.1 mM of unlabeled GTP␥S for 20 min in ice. The reaction was stopped by addition of 25 mM MgCl 2 , subjected to filter binding to nitrocellulose, and quantified by scintillation counting. The ability of ML171 to inhibit Rac1 loading with GTP was revealed as loss of radioactivity bound to Rac1 (% inhibition of Rac1 loading due to DMSO and Mg 2ϩ are set as 0 and 100%, respectively). Luminol-Based Chemiluminescence (CL) Assay. This assay was performed as previously described (25) . Briefly, 16 h after transfection, 5 ϫ 10 5 HEK293 cells per assay were dispensed in white 96-well plates (Berthold) and mixed with 250 M luminol and 1 U horseradish peroxidase HRP (final concentration) in 200 L total final volume in each well. Chemiluminescence was recorded using a 96-well plate luminometer (Berthold) 5 min after the addition of HRP/luminol mixture for 30 min at RT without any stimulation.
Confocal and Epifluorescence Microscopy. Twenty-four hours after transfection, DLD1 cells plated on glass or FITC-labeled gelatincoated coverslips were fixed in 4% paraformaldehyde (PFA) at RT for 10 min. Successively, cells were permeabilized in 0.5% Triton for 10 min and blocked in 2% BSA in PBS for 45 min at RT. Cells were then immunolabeled as indicated in the figure legends with appropriate primary and Alexa-Fluor 568-conjugated secondary antibodies. F-actin was detected by using Alexa-Fluor 568-conjugated phalloidin. Cells were mounted on slides with Mowiol mounting medium (Calbiochem) according to the manufacturer's instructions. Epifluorescence and confocal images of fixed cells were acquired using the same setup described in ref 13 .
ECM Degradation Assays. Fluorescently labeled gelatin-coated coverslips were prepared as previously described (39) . Twentyfour hours after transfection, cells were trypsinized and plated on FITC-labeled gelatin-coated coverslips. After 2 h, cells were treated as indicated with 10 M of ML171 or DPI and control DMSO for 1.5 h. Twenty-four hours later, cells were fixed in 4% PFA, stained with Alexa-Fluor-568 phalloidin, and visualized by epifluorescence microscopy (60X).
Isolation and Maintenance of Human Neutrophils. Fresh human blood was collected through the normal blood donor program at the Scripps Research Institute in accordance with an institutional review board-approved protocol as described (40) .
Determination of Superoxide Production in Human Neutrophils. For human neutrophils in suspension, the cells were treated for 10 min with increasing concentration of ML171, DMSO control, or 10 M DPI. Superoxide production of neutrophils stimulated with the final concentration of 5 ϫ 10 Ϫ6 M fMLP was measured by CL assay continuously for 40 min.
Determination of Superoxide Production in Nox2-Cell Free Assay. Human neutrophil membrane fractions (GSP) and neutrophil cytosolic fractions (GSS) were prepared as described (41); 10 g of purified neutrophil membrane and 100 g of purified neutrophil cytosol were used for each reaction and the determination of superoxide production was performed as described (42) .
Statistical Analysis. In this study overall, representative experiments from at least three independent experiments are shown. Results for each experiment are given as the mean of triplicates Ϯ standard deviation (SD). Statistically significant differences between sample groups were determined using twotailed t tests (Microsoft Excel, Redmond WA) unless differently indicated (see caption for Figure 5, panel b) . p values for differences observed in figures were always Ͻ0.001 unless differently indicated (see caption for Figure 4 , panel b). All IC 50 values were calculated using a 4 parameter fit.
